Abstract Dip-slip faulting may juxtapose different geologic materials with different properties, such that a strong material contrast will naturally tend to form. Both the material contrast across a fault and dip-slip motion on a nonvertical fault lead to normal stress variations during earthquake rupture. This normal stress variation will significantly affect dynamic rupture propagation. To demonstrate this, we model dynamic rupture propagation on two-dimensional (2D), reverse, and normal faults (30°, 45°, and 60°dipping) with 20% material contrasts. For predominantly up-dip rupture propagation, we find that normal stress variations due to the free surface and material contrast can either reinforce or counteract each other depending on the configuration. For reverse faults, we find a larger strength drop for a more compliant hanging wall and a lower strength drop for a more compliant footwall. For normal faults, we find a larger strength drop for a more compliant footwall and a lower strength drop for a more compliant hanging wall. For both reverse and normal faults, ground motion will be more symmetric between the hanging wall and footwall with compliant material on the footwall and more asymmetric if more compliant materials are on the hanging wall. Our results have important implications for the dynamics of crustal and perhaps subduction-zone earthquake faulting, where strong bimaterial contrasts across dipping faults are possible. In continental settings, reverse faulting will tend to advect rigid materials from greater depth onto the hanging wall, such that the effects of fault dip and material contrast will counteract one another. In subduction zones, the hanging wall is likely to be more compliant, and hence the material and geometric effects may reinforce one another.
Introduction
Slip on faults over geologic time can juxtapose rocks that were formed many kilometers apart. Thus, it is natural to expect that faults will separate rocks with different material properties. A well-known example of material contrast across a fault is the Parkfield section of the San Andreas fault (SAF), where relatively compliant Franciscan lithology lies on the northeast side of the fault and relatively stiff Salinian granitic rocks lie on the southwest side (Eberhart-Phillips and Michael, 1993; Thurber et al., 2006) . Asymmetry in material properties across a vertical strike-slip fault leads to normal stress variations during faulting. If we define the slip direction of the more compliant material to be positive and that of the more rigid material to be negative, then for subshear ruptures, the normal stress variation on the fault is compressive ahead of the rupture front and tensile behind it in the positive direction. In the negative direction, the sense of the normal stress change is reversed: the normal stress is more tensile ahead of the rupture front but more compressive behind it (e.g., Day, 1997, 2005; Rubin and Ampuero, 2007) .
Material contrast across a fault leads to interesting dynamic behavior due to the normal stress variations it creates. Harris and Day (1997) simulated two-dimensional (2D) dynamic ruptures on a bimaterial interface for strike-slip faults with a slip-weakening friction law (Ida, 1972; Andrews, 1976a,b; Day, 1982) . They observed bilateral but asymmetric rupture propagation. Because the normal stress variation is compressive ahead of the rupture front and tensile behind it, a larger strength drop occurs in the positive direction, which in turn gives rise to a larger slip velocity. In this article, we define the strength drop as the difference between the fault strength and the dynamic sliding friction to differentiate it from the stress drop. In the negative direction, the normal stress variation is tensile ahead of the rupture front and compressive behind it, resulting in a smaller strength drop and a smaller slip velocity. The rupture generally propagates at a generalized Rayleigh-wave speed in the positive direction and a speed slower than the S wave of the slower material in the negative direction. Xia et al. (2005) confirmed the results of Harris and Day (1997) and observed bilateral rupture propagation in an experimental setting. They also reported that under certain stress conditions, rupture velocity in the negative direction can transition to supershear velocities, which was also found in the numerical simulations of Day (1997, 2005) . Ma et al. (2008) demonstrated the significant effect of material contrasts across the SAF on the dynamic rupture propagation of the 2004 M w 6.0 Parkfield earthquake and ground motions, and they suggested that the large ground motions in Cholame can be attributed to the larger strength drop in the positive (southeast) direction. Rubin and Ampuero (2007) attributed the asymmetric distribution of microearthquake aftershocks observed on the SAF to faulting across a bimaterial interface. The residual stress (proportional to the normal stress) in the positive rupture direction is much lower than in the negative direction due to the material contrast, which in turn leads to more aftershocks in the negative direction than in the positive direction.
Simulations that assume a constant friction coefficient for rupture propagation on a bimaterial interface generally find unilateral propagation in the positive direction, called the preferred direction of rupture propagation (Weertman, 1980; Andrews and Ben-Zion, 1997; Ben-Zion and Andrews, 1998; Cochard and Rice, 2000; Ranjith and Rice, 2001) . This assumption ignores the stress breakdown process at the crack tip, which is a dominant effect as shown in Day (1997, 2005) and Rubin and Ampuero (2007) . However, Ben-Zion (2006) argued that statistically most large mode II earthquakes would propagate in the preferred (positive) direction (but see Harris and Day [2006] for a reply). Anooshehpoor and Brune (1999) observed nearly always unilateral rupture propagation in the positive direction in their foam rubber experiments (60% velocity contrast). and added geologic constraints to the debate in the form of an observed correlation of observed asymmetric fault damage in major fault zones (more damage on the more rigid side of the fault) with the preferred rupture direction. However, as Rubin and Ampuero (2007) noted, the observed asymmetry in the fault damage could be explained by bimaterial effects rather than predominantly unidirectional ruptures.
Another factor that is known to cause normal stress variations on the fault is the interaction of a nonvertical fault with the Earth's free surface (e.g., Rudnicki and Wu, 1995; Nielson, 1998; Oglesby et al., 1998 Oglesby et al., , 2000a Aagaard et al., 2001; Dalguer et al., 2001; Madariaga, 2003; Duan and Oglesby, 2005; Ma and Archuleta, 2006; Andrews et al., 2007; O'Connell et al., 2007) . The symmetry of the fault plane with respect to the free surface is broken on a dipping fault such that the normal stress is not constant on the fault. Oglesby et al. (1998 Oglesby et al. ( , 2000a showed that for a reverse fault in a homogeneous half-space, the normal stress variation is compressive ahead of the rupture front and tensile behind it when the rupture approaches the free surface. For a normal fault, the sense of these normal stress variations is reversed: the normal stress variation is tensile ahead of the rupture front but compressive behind it near the surface. Oglesby et al. (1998 Oglesby et al. ( , 2000a showed that the normal stress variation gives rise to a larger strength drop on a reverse fault than a normal fault if both faults are under the same initial stress conditions except for the sense of shear. They successfully explained the larger ground motions observed for reverse faults relative to normal faults (McGarr, 1984; Cocco and Rovelli, 1989; Abrahamson and Somerville, 1996) and larger ground motions on the hanging wall than on the footwall, as found for both the 1971 San Fernando earthquake (Nason, 1973; Steinbrugge et al., 1975) and the 1994 Northridge earthquake (Abrahamson and Somerville, 1996) and also as inferred from the locations of precarious rocks (Brune, 2000 (Brune, , 2001 . Similar results were obtained from 2D lattice models (Shi et al., 1998 (Shi et al., , 2003 Shi and Brune, 2005) and foam rubber experiments .
The strongest and most systematic variations in material properties in the Earth occur with depth, so it is natural to expect that material contrasts will develop across dip-slip faults. On a crustal reverse fault, for example, deeper material in the hanging wall will be uplifted over time. Thus, a likely situation is that more rigid material will overlie more compliant material on such faults, whereas on normal faults, more compliant material is likely to overlie more rigid material because the footwall is being uplifted. In subduction zones, cold rigid oceanic plate subducts beneath an overriding plate that in many cases will be more compliant, such that a bimaterial interface will form in this setting as well. This configuration has been confirmed from tomographic studies of subduction-zone structure (Stern, 2002) . Material contrasts might play an important role in the physics of subduction earthquakes, which will be discussed later.
In this article, we combine the two factors that can cause normal stress variations on faults by studying dynamic ruptures on dipping faults with a bimaterial interface. This combination has been considered briefly by Shi and Brune (2005) who treated the case of an outcropping reverse fault with a sedimentary layer on the footwall and by O'Connell et al. (2007) who examined dynamic rupture of a normal fault with a low-velocity basin on the hanging wall. Neither of these studies identified the importance of dynamic normal stress variations on rupture dynamics and ground motion. We consider 2D 30°, 45°, and 60°dipping (both reverse and normal) faults that separate two different homogeneous materials of 20% velocity contrast (Fig. 1) . The ruptures nucleate at depth and propagate predominantly updip. Using a finite-element approach, we study the effects of material contrast on the dynamic rupture of both reverse faults and normal faults as well as the resultant ground motions. We show that normal stress variations caused by the material contrast and the dipping fault geometry either reinforce or counteract each other depending on the circumstances. If the material on the hanging wall of a reverse fault is more compliant (such as in subduction zones), the bimaterial interface and wave reflections from the free surface will both encourage a larger strength drop, larger ground motion, and greater difference between the hanging wall and footwall motions than would otherwise occur. If the material on the hanging wall of the reverse fault is more rigid than the footwall, the normal stress variations caused by the two factors will counteract each other, resulting in more evenly distrib-uted ground motions on the hanging wall and footwall. Similar effects apply to normal faults.
Finite-Element Model
We consider the 2D case of a 30°, 45°, and 60°dipping fault that is 24 km along dip and reaches the free surface (Fig. 1 ). The fault separates two different homogeneous materials with a 20% contrast in material velocities (the more rigid material: α 1 6000 m=sec, β 1 3464 m=sec, and ρ 1 2670 kg=m 3 ; the more compliant material: α 2 5000 m=sec, β 2 2887 m=sec, and ρ 2 2670 kg=m 3 , where α, β, and ρ denote P-wave velocity, S-wave velocity, and density, respectively).
We employ a linear slip-weakening friction law (Ida, 1972; Andrews, 1976a,b; Day, 1982) on the fault, which is regarded as a good representation of stress breakdown process during seismic-speed ruptures (Okubo, 1989) . In this simple friction law, the frictional coefficient is a function of slip only. When the slip initiates, the frictional coefficient μ decreases linearly from the static frictional coefficient to the dynamic frictional coefficient over a characteristic slip D c and keeps at the dynamic frictional level until slip stops (Fig. 2) . Shear stress on the fault is given by the product of the frictional coefficient and normal stress. In all of our simulations of dipping faults, the normal stress on the fault will be time dependent.
The fault is subject to homogeneous shear and normal stress conditions. We assume an initial shear stress of 2.8 MPa and an initial normal stress of 6.0 MPa (where positive normal stress is understood to be compressive). We further assume a uniform static frictional coefficient of 0.7 and a uniform dynamic frictional coefficient of 0.3. Thus, the dynamic stress drop in the absence of normal stress changes would be 1.0 MPa. These parameters are very similar to those used in Oglesby et al. (1998) . The slipweakening distance is assumed 0.15 m over the fault. These parameters together will give rise to subshear ruptures. To nucleate the rupture, we follow the scheme of Andrews (1976a,b) and Day (1982) by forcing the rupture to spread out bilaterally from a point (21.5-km downdip) at 2000 m= sec. The shear stress drops from the initial stress to the dynamic friction over 10 timesteps if slip occurs. Shortly after, the shear stress on the fault reaches the fault strength (static frictional coefficient times normal stress) and the rupture starts to propagate spontaneously at a greater speed. The rupture propagates predominantly updip towards the surface. By changing the direction of shear stress only, we can simulate both reverse and normal faults for the same fault geometry (Fig. 1) .
We simulate dynamic rupture propagation by solving the equation of motion in 2D ρ u i σ ij;j f i ;
( 1) where ρ is the density, u is the displacement, σ is the stress tensor, and f is the body force. Summation over repeated indices is assumed. The comma denotes differentiation. The lower subscript has a range of fx; zg. For the plane strain condition, the stress tensor relates to the strain tensor as
(2) where λ and G are Lame's constants, δ ij is the Kronecker Delta, and the strain tensor is given by ε ij 0:5u i;j u j;i :
The fault is modeled as an internal boundary where the traction is given by the friction law. The stress change on the free surface elastic material 1 elastic material 2 f a u l t Figure 1 . Schematic diagram of the problem: a dipping fault that reaches the surface separates two different elastic materials. A uniform mesh of three-node right-angled triangular elements is used to discretize the space. We use the split-node scheme of Andrews (1999) and Day et al. (2005) on the fault to model the dynamic rupture propagation on the fault. fault with respect to the initial stress state gives rise to the body force f in equation (1), which is the driving force of the system. To model the dynamics on the fault itself, we use the split-node scheme ( Fig. 1 ) described in Andrews (1999) and Day et al. (2005) , which has also been implemented in 3D finite-element codes of Ma and Archuleta (2006) and Ma et al. (2008) .
We employ a finite-element code that uses three-node right-angled triangular elements only. Because we use second-order elements, the elemental mass matrices can be easily lumped such that the global mass matrix is diagonal, leading to an efficient, explicit, finite-element scheme. The finite-element scheme requires a minimum 10 nodes per wavelength to ensure accuracy. In the Appendix, we show detailed steps to calculate the elemental nodal forces for the three-node right-angled triangular element and validate the finite-element scheme in propagating elastic waves.
In our simulations of dynamic rupture on dipping faults, a uniform mesh composed of same-sized triangular elements is used (Fig. 1) . If the hypotenuse of the element is h, the length of the two other sides is given by h x h cos θ and h z h sin θ, respectively, where θ is the fault dip. In our simulations, we use h 50 m. It can be seen that the element size on the fault is equal to the length of hypotenuse of the element h, that is, 50 m. The timestep is 0.0025 sec for the 45°dipping fault and 0.002 sec for the 30°and 60°dip-ping fault due to different element shapes. All of the calculation parameters are summarized in Table 1 . The simple damper of Lysmer and Kuhlemeyer (1969) is used on all of the outer boundaries of the mesh except for the free surface to keep reflections from contaminating the interior solution.
It is straightforward to implement the bimaterial interface in the finite-element code. One problem associated with the bimaterial interface is the instability caused by the instantaneous response of shear stress to normal stress change, which can excite waves of all wavelengths (Adams, 1995) and renders the problem ill posed. We use the approach (e.g., Day, 1982; Day, 1997, 2005; Day et al., 2005) of introducing Kelvin-Voigt viscoelasticity in the medium. In this scheme, instead of calculating the strain using equation (3), we calculate the strain by ε ij 0:5ũ i;j ũ j;i :
( 4) In equation (4), the new displacementũ is defined as
where γ is the viscosity parameter and v is the velocity. It can be shown that viscosity in equation (5)'s formulation is equivalent to the stiffness term of the Rayleigh damping (e.g., Clough and Penzien, 1993) , and that it thus dampens the short wavelengths propagating in the mesh (the damping is linearly proportional to the frequency). In all of the simulations, we use a small viscosity parameter γ 0:0015 sec. By keeping the physical viscosity fixed, the dynamic rupture on a bimaterial interface can be regularized (S. Day, personal comm., 2007) , which has been confirmed in our own numerical tests. Figure 3 shows the comparison of results for the 30°reverse fault with the more compliant material on the hanging wall using the element size of 50 and 25 m on the fault. Up-dip direction corresponds to the positive direction (the slip direction of the more compliant material) of rupture propagation on the bimaterial interface, which is the direction in which instability occurs (e.g., Cochard and Rice, 2000; Ranjith and Rice, 2001) . Essentially the same results (slip rate, shear stress, and normal stress time histories) were obtained at the two points (16.5 and 20.5 km updip from the hypocenter), demonstrating that the numerical solution converges for the regularized problem.
In this article, for each fault dip (30°, 45°, or 60°) we consider three different cases for both the reverse fault and normal fault: for case 1, the material is homogeneous (α 6000 m=sec, β 3464 m=sec, ρ 2670 kg=m 3 ), for case 2, the more compliant material is on the hanging wall, and for case 3 the more compliant material is on the footwall. We make case 1 the reference case with which we compare the solutions for the other two cases.
Simulation Results

Reverse Fault
For a reverse fault, the free surface tends to make the normal stress more compressive in front of the rupture front and more tensile behind it as the rupture approaches the Earth's surface (Oglesby et al., 1998 (Oglesby et al., , 2000a . For the different cases this free surface effect either reinforces or counteracts the effects on the normal stress due to the material contrast. Figure 4 shows snapshots of shear stress change, normal stress change, and slip rate on the 30°reverse fault where the more compliant material is on the footwall (case 3). This is the situation most likely to occur for crustal reverse faults, where more rigid material is advected upward on the hanging wall over geologic time. The rupture initiates at depth and mainly propagates updip, which is opposite the slip direction of the more compliant material, that is, the negative direction. An S wave is seen in the shear stress change ahead of the rupture front at 3.0 sec, indicating subshear rupture propagation. The rupture is cracklike. On the deeper part of the fault, along the up-dip direction, the normal stress variation is tensile ahead of the rupture front but compressive behind it due to the material contrast.
The free surface does not affect the normal stress on the fault until the rupture approaches the surface, for example, obviously at 6.0 and at 7.5 sec (Fig. 4) . For the reverse fault, the reflected waves off of the free surface make the normal stress more tensile ahead of the rupture front and more compressive behind it (Oglesby et al., 1998 (Oglesby et al., , 2000a , thus counteracting the effects of material contrast (clearly seen at 7.5 sec). The normal stress change due to the material contrast is smaller than that caused by the free surface in this case, thus, the free surface effect dominates. Slightly after 8.5 sec, the rupture breaks the free surface. The normal stress on the reverse fault near the free surface is less compressive after breaking the surface due to the free surface effect (Oglesby et al., 1998 (Oglesby et al., , 2000a ; see also at 9.5 sec).
The competing normal stress effects near the free surface can also be seen in the space-time plot of the normal stress on the fault (Fig. 5c ). The normal stress keeps more compressive ahead of the rupture front and more tensile behind it as the rupture propagates updip until near the surface where the free surface effect becomes dominant. The strength drop in this case would be smaller than that of case 1 in the homogeneous half-space (Fig. 5a ). In the homogeneous half-space, normal stress changes accompanying the rupture propagation occur only near the free surface. In the Large amplitudes in the later part of time histories correspond to the reflections from the free surface. Excellent agreement between the two solutions demonstrates that the numerical solution converges for a regularized problem when using the element size of 50 m on the fault. deeper part of the fault, we see no normal stress change accompanying the rupture propagation because the material is homogeneous and the reflected waves have not arrived on this part of the fault (Fig. 5a) . If the more compliant material is on the hanging wall (case 2), the up-dip direction would correspond to the positive direction (the slip direction of the more compliant material); the material contrast and free surface both make the normal stress more compressive ahead of the rupture front and more tensile behind it as the rupture approaches the surface (Fig. 5b) , thus reinforcing one another and increasing the normal stress change, strength drop, and resulting ground motions. The snapshots of shear stress change, normal stress change, and slip rate on the 30°reverse fault with the more complaint material on the hanging wall (case 2) are shown in Figure 6 . We compare time histories of slip velocity, shear stress change, and normal stress change at the fault tip (at the free surface) for all three cases of the 45°reverse fault (Fig. 7) . The net normal stress change before and after the rupture breaks the surface is maximum when the more compliant material is on the hanging wall (15.75 MPa, case 2), minimum when the more compliant material is on the footwall (10.50 MPa, case 3), and intermediate for the homogeneous case (11.42 MPa, case 1). The strengthening effect on normal stress due to the free surface and material contrast gives rise to a larger strength drop and a 1.86 times larger peak slip velocity for case 2 (5:35 m=sec) than case 1 (2:88 m= sec). The peak slip velocity for case 3 (2:62 m=sec) is 9.1% smaller than for case 1 due to the competing effects on the normal stress and the resultant smaller strength drop, as shown previously. Figure 8 illustrates the distributions of peak along dip velocities of the hanging wall and the footwall along the fault for the three cases of all three reverse faults. As might be expected, for each fault dip we observe more asymmetry between the hanging wall motion and footwall motion when the more compliant material is on the hanging wall (case 2) and more symmetry between the hanging wall motion and footwall motion when the more compliant material is on the footwall (case 3). As the fault dip increases, we observe a trend of decreasing fault motion and reduced asymmetry between the hanging wall and footwall motions for each case, indicating a decreasing effect of the free surface. For each reverse fault, the hanging wall experiences a larger motion than the footwall for cases 1 and 2 and on the shallow part of the fault for case 3. For case 3, the footwall experiences a larger motion in the deeper part of the fault because the footwall material is more compliant. The peak velocities of the hanging wall and footwall as well as their ratio for all of the scenarios are also summarized in Table 2 . For example, for the 45°reverse fault the peak velocity ratio between the hanging wall and footwall for the cases 1, 2, and 3 is Figure 6 . Snapshots of slip velocity (black solid line), shear stress change (gray solid line), and normal stress change (dashed line) for the 30°reverse fault where the more compliant material is on the hanging wall (case 2). Both the free surface and material contrast make the normal stress more compressive ahead of the rupture front and more tensile behind it when the rupture approaches the surface, leading to a larger normal stress change and a larger strength drop near the surface.
2.72, 3.54, and 2.26, respectively. Note that different peak velocity ratios not only depend on the strength drop caused by the normal stress variations but also on the material properties; however, the footwall material in the cases 1 and 2 are the same and the hanging wall material in the cases 2 and 3 are the same. For the 45°reverse fault, we find that the peak velocity of the footwall for case 2 (1:18 m=sec) is increased by 51.3% compared to that for case 1 (0:78 m=sec). Also, the peak velocity of the hanging wall for case 3 (1:83 m=sec) is reduced by 13.3% compared to that for case 1 (2:11 m=sec). These relative peak velocity changes of the same material with respect to the reference case (case 1) for each reverse fault are shown in the parenthesis of Table 2 . We observe similar patterns of relative peak velocity change of the same material for the 30°and 60°reverse faults as well. Because the material properties are the same in these comparisons, the difference is due to the normal stress controlled strength drops. We plot the peak velocities (total velocities) along the free surface for the three cases of all three reverse faults in Figure 9 . Again for each reverse fault, we observe more asymmetry between the hanging wall motion and footwall motion for case 2 and more symmetry between the hanging wall motion and footwall motion for case 3. For each case, the free surface effect decreases as the fault dip increases. For example, for the 45°reverse fault, the peak ground velocity ratio between the hanging wall and footwall increases from 2.08 for case 1 to 2.52 for case 2, but decreases to 1.71 for case 3. By comparing the velocity of the same materials, the peak velocity of the footwall increases from 1:08 m=sec for case 1 to 1:73 m=sec for case 2-a 60.2% increase indicating a ∼60% larger strength drop. The peak velocity of the hanging wall decreases from 2:25 m=sec for case 1 to 1:98 m=sec for case 3-a 12.0% reduction indicating a ∼10% reduction in the strength drop. Also, see the parentheses of Table 2 for the relative peak ground velocity change of the same material among different cases of 30°and 60°reverse faults. Similar patterns are observed.
Normal Fault
For a normal fault, the wave reflections from the free surface make the normal stress more tensile ahead of the rupture front but more compressive behind it as the rupture approaches the free surface (Nielson, 1998; Oglesby et al., 1998 Oglesby et al., , 2000a . The normal stress change results in a much smaller strength drop near the free surface on a normal fault relative to a reverse fault in the same configuration. Figure 10 shows snapshots of shear stress change, normal stress change, and slip velocity along the fault for case 2 of the 60°normal fault (more compliant material on the hanging wall), which is the most likely situation for a crustal normal fault because fault motion will advect more rigid material from depth on the footwall over geologic time. In this case, up-dip rupture propagation is the direction of slip in the more rigid material and corresponds to the negative direction. Thus, in the deeper part of the fault, the normal stress variation is tensile ahead of the rupture front but compressive behind it, due to the effects of material contrast (see 3.0 sec). When the rupture approaches the surface, effects of material contrast interact with the free surface effect, both making the normal stress more tensile ahead of the rupture front and more compressive behind it (see 6.0 and 8.7 sec). The strengthening effect on normal stress results in an even smaller strength drop. At 8.7 sec, the secondary rupture nucleates near the surface ahead of the main rupture front due to the reduced normal stress ahead of the rupture front. The same phenomenon was observed previously (e.g., Nielsen, 1998; Oglesby et al., 1998 Oglesby et al., , 2000a Ma and Archuleta, 2006; Andrews et al., 2007 , O'Connell et al., 2007 . After the main rupture front breaks the free surface (around 9.0 sec), the normal stress is more compressive on the normal fault near the surface (see at 9.3 sec), which is the opposite of the case for the reverse fault. The net effect is a greatly reduced stress drop near the Earth's surface. The effect of normal stress due to the material contrast and the free surface is illustrated in the space-time plots of normal stress along the 60°normal fault for all the three cases (Fig. 11) . The free surface effect is illustrated in isolation for case 1 for which the material on both sides of the fault is the same (Fig. 11a) . In this case, the normal stress variation is significant only as rupture nears the free surface. In case 2 where the more compliant material is on the hanging wall, as was shown in Figure 10 , the normal stress is being more tensile ahead of the rupture front but more compressive behind it in the deeper part of the fault due to the effects of material contrast. When the rupture approaches the free surface, both the free surface effect and bimaterial effect have the same sign, leading to an even smaller normal stress change than in case 1. In case 3, however, where the more compliant material is on the footwall, the up-dip direction is the slip direction of the more compliant material, that is, the positive direction. When the rupture nears the free surface, the effect of material contrast counteracts the free surface effect, and the effect of the normal stress change on dynamic rupture leads to a larger strength drop than in the other two cases. The snapshots of slip rate, shear stress change, and normal stress change on the 60°normal fault for this case is shown in Figure 12 .
Different normal stress changes result in substantially different hanging wall and footwall motions for all normal faulting scenarios (Fig. 13) . As in the reverse faulting scenarios, the hanging wall experiences greater motion than the footwall in all three cases of each normal fault except for the deeper part of the fault in case 3 where the more compliant material is on the footwall and the bimaterial effect dominates. As the fault dip increases, the free surface effect . Distribution of peak ground velocity (total velocity) along the surface for the reverse faults for case 1 (first column), homogeneous material, case 2 (second column), more compliant material on the hanging wall, and case 3 (third column), more compliant material on the footwall. The fault dip is shown on the upper left-hand corner of each panel. The first two numbers on the upper right-hand corner of each panel denote the maximum peak velocity on the hanging wall side and footwall side, respectively. The third number denotes the ratio of the first two numbers. The dashed line marks where the fault intersects the free surface.
is smaller as illustrated by the decreasing fault motions and increasing symmetry between the hanging wall and footwall. Table 3 also summarizes the peak velocities, ratios, the relative peak velocity changes of the same material for all normal faulting scenarios. For example, the peak velocity ratio between the hanging wall and footwall of the 60°normal fault increases from 1.98 (case 1) to 2.32 (case 2), but decreases to 1.52 (case 3). Comparing the peak velocity the 60°normal fault where the more compliant material is on the hanging wall (case 2). Both the free surface and material contrast make the normal stress more tensile ahead of the rupture front and more compressive behind it when the rupture approaches the surface, leading to a smaller normal stress change and a smaller strength drop near the surface. Figure 11 . Space-time plot of normal stress change on the 60°normal fault for (a) case 1, homogeneous material, (b) case 2, more compliant material on the hanging wall, and (c) case 3, more compliant material on the footwall. The hypocenter is at 21.5 km downdip. The color scale is saturated to better illustrate features. Effects of the free surface and material contrast reinforce each other in case 2 leading to a smaller normal stress change near the surface compared to that in case 1, while they cancel each other in case 3 giving rise to a larger normal stress change. Black lines show the slopes of S-wave velocities of the materials.
of the same material for the different cases reveals that the peak velocity of the footwall decreases from 0:41 m=sec (case 1) to 0:36 m=sec (case 2), indicating a smaller strength drop in case 2 compared to case 1. The peak velocity of the hanging wall increases from 0:81 m=sec (case 1) to 1:40 m=sec (case 3), indicating a larger strength drop in case 3. The relative peak velocity changes of the same material with respect to case 1 for the 30°and 45°normal faults (Table 3) show similar patterns. The peak ground velocity ( Fig. 14 and Table 3 ) shows the same pattern for the three cases of all three normal faults. A greater asymmetry between the hanging wall and footwall motions is seen in case 2 of each normal fault, where the hanging wall is compliant. More similar ground motion between the hanging wall and footwall is seen in case 3, where the more compliant material is on the footwall. For example, for the 60°normal fault, the peak ground velocity ratio between the hanging wall and footwall is 1.48, 1.81, and 1.31 for cases 1, 2, and 3, respectively. The peak ground velocity of the footwall decreases from 0:61 m=sec (case 1) to 0:50 m=sec (case 2)-an 18.0% reduction indicating a smaller strength drop in case 2 (more compliant material on the hanging wall). The peak ground velocity of the hanging wall increases from 0:90 m=sec (case 1) to 1:77 m=sec (case 3)-a 96.7% increase indicating a larger strength drop in case 3 (more compliant material on the footwall).
Discussion
In all of the simulations previously discussed, rupture breaks through to the free surface. If the rupture did not break the surface, the free surface effect would be less dramatic, as noted by Oglesby et al. (1998 Oglesby et al. ( , 2000a ; however, we still expect to see the complex interaction of normal stress variations on the fault due to material contrasts and the free surface as the free surface is approached. Also, the normal stress on the fault in all of the simulations was assumed to be depth independent. If the normal stress increases with depth, the same variation of normal stress caused by the material contrasts and/or fault geometry would have a more significant effect near the surface than at depth as the initial normal stress is smaller near the surface. The interaction or interference of both effects may not be large at depth. However, the normal stress patterns we have presented should still hold near the surface and the effects should be most significant near the surface. As seen in the simulations of different dip angles, the free surface has a larger influence on the shallow dipping faults than faults with steeper dip angles. The effect of free surface should vanish as the fault becomes vertical. the 60°normal fault where the more compliant material is on the footwall (case 3). The material contrast makes the normal stress more compressive ahead of the rupture front but more tensile behind it; however, for the normal fault the free surface makes the normal stress more tensile ahead of the rupture front and more compressive behind it as the rupture approaches the surface (free surface is on the left-hand corner of each panel). The two effects cancel each other near the surface in this case; however, the normal stress change and the strength drop near the surface are larger than the homogeneous case (case 1) due to the effects of material contrast. The percentage in the parentheses denotes the relative peak velocity change of the same material in each case with respect to that in the corresponding reference case (case 1).
The largest subduction earthquakes occur on very shallow dipping faults. The average dip of the megathrust on which the 1964 M w 9.2 Alaska earthquake occurred is 3°-10° (Brocher et al., 1994) , and the dip angle for the 2004 M w 9.2 Sumatra earthquake is also very small (the bestfitting point source gives the dip of 8° (Lay, et al., 2005) . The free surface ought to have a tremendous effect on the rupture propagation of these earthquakes. As noted previously, in subduction zones we expect the overriding plate (hanging wall) to be the more compliant material because the subducting plate is composed of more rigid oceanic crust and lithosphere. Thus, both the free surface and material contrast will tend to increase the normal stress change and strength drop. The enhancing effects of dynamic normal stress variations has the potential to contribute significantly to the moment release of these large damaging earthquakes and to increased deformation of the ocean floor/accretionary prism and hence tsunami generation.
In nature, we often observe that sedimentary basins juxtapose footwalls of reverse faults or hanging walls of normal faults, which result in a material contrast near the surface that is much larger than in the cases we consider. While the effects of material contrast may be much greater on the shallow reaches of such faults, the pattern of normal stress interaction or interference will be the same. If a sedimentary basin is on the footwall of a reverse fault, the material contrast will decrease the strength drop near the surface, but ground motion on the footwall will be amplified to be possibly larger than the hanging wall motion due to the more compliant sedimentary materials. The strength drop near the surface will be much smaller when a sedimentary basin lies on the hanging wall of a normal fault; however, a greater asymmetry between the hanging wall and footwall motion may be expected, with relatively greater motions on the hanging wall (O'Connell et al., 2007) . Different normal stress distributions in our scenarios might also suggest different aftershock pat- Figure 14 . Distribution of peak ground velocity (total velocity) along the free surface for the normal faults for case 1 (first column), homogeneous material, case 2 (second column), more compliant material on the hanging wall, and case 3 (third column), more compliant material on the footwall. The fault dip is shown on the upper left-hand corner of each panel. The first two numbers on the upper right-hand corner of each panel denote the maximum peak velocity on the hanging wall side and footwall side, respectively. The third number denotes the ratio of the first two numbers. The dashed line marks where the fault intersects the free surface.
terns and afterslip behavior for crustal reverse and normal earthquakes. Normal stress variations can exert an important influence on earthquake rupture dynamics. We have demonstrated that the Earth's free surface and the material contrast across a fault can interact in complex ways to influence dynamic rupture through the normal stress. In addition to these effects, there are other important factors that can cause the normal stress to vary on faults, including complex fault geometry (e.g., Day, 1993, Bouchon and Streiff, 1997; Aochi et al., 2002; Oglesby and Archuleta, 2003; Kase and Day, 2006) , thermal pressurization (Andrews, 2002) , pore fluids (Rudnicki and Rice, 2006) , and inelastic deformation in the fault zone (Andrews, 2005 (Andrews, , 2007 Ben-Zion and Shi, 2005) . The interaction of all of these effects will no doubt influence and perhaps exert a primary control on earthquake rupture propagation.
Conclusions
Time-dependent normal stress changes on the fault play an important role in the dynamics of rupture propagation. We have shown that normal stress variations due to the free surface and material contrast on a dipping fault with a bimaterial interface can reinforce or counteract each other, which can cause:
1. For reverse faults, a larger strength drop if more compliant materials are on the hanging wall and smaller strength drop if more compliant materials are on the footwall; 2. For normal faults, a smaller strength drop if more compliant materials are on the hanging wall and larger strength drop if more compliant materials are on the hanging wall.
For both reverse and normal faults, ground motion will be more symmetric between the hanging wall and footwall if the more compliant material is on the footwall and more asymmetric if the more compliant material is on the hanging wall. These results will have potentially important implications for the physics of dip-slip earthquakes and for predicting the strong ground motion they generate. 
